The American Academy of Pediatrics recommends breastfeeding, which is well known to promote cognitive and behavioral development. The evidence for why this occurs is not well understood. Methods: Fifty-six 7.5-to 8.5-y-old healthy children were breastfed (BF; n = 22, 10 males) or formula-fed (FF; n = 34, 16 males) as infants. All children were administered: the Reynolds Intellectual Assessment Scale (RIAS); the Clinical Evaluation of Language Fundamentals (CELF-4) tests; and magnetic resonance imaging of the brain. Diffusion tensor imaging (DTI) measured fractional anisotropy (FA) values were correlated with RIAS and CELF-4 scores. results: DTI tract-based spatial statistics (TBSS) analyses showed multiple white matter regions in the left hemisphere with significantly higher FA (P < 0.05, corrected) values in BF than FF males, but no significant group differences in females. Males who were exclusively BF for at least 1 y appeared to have the greatest differences in FA. Mean FA values positively correlated with composite scores of RIAS (P = 0.03) and CELF-4 (P = 0.02). conclusion: Breastfeeding during infancy was associated with better white matter development at 8 y of age in boys. A similar association was not observed in girls.
B
reast milk contains what most pediatricians and nutritionists consider to be nature's most complete diet for newborn infants. While having the known major nutrients (proteins, lipids, carbohydrates, vitamins, and minerals) required for "normal" infant growth, formulas lack specific factors that promote human development to the same level as breast milk (1) . The importance of breast milk for brain development is particularly highlighted in studies of children born preterm, where significant advantages in neurodevelopment are gained in those fed breast milk during infancy as compared to formula (2, 3) . This is because approximately one-third of brain growth occurs in the last 6-8 wk of gestation and breast milk provides a unique mixture of nutrients and bioactive compounds which better support the "extra-utero" brain development of preterm babies than commercially available formulas (4) .
Less is known about the influence of diet and nutritional status on brain development and cognitive function in the first year of life of healthy full-term infants. However, better scores on standardized behavioral tests of infant development have been reported in breastfed (BF) than formula-fed (FF) fullterm infants (5) . Positive associations between breastfeeding and higher intelligence quotient (IQ), better school performance, and greater neurocognitive development have been observed in numerous studies (6) (7) (8) . Furthermore, the duration and exclusiveness of breastfeeding appear to be positively correlated with IQ and academic achievement (7, 9) . Clinical studies have revealed that breastfeeding is associated with larger head circumference and brain volume, smaller ventricular volume, larger gangliothalamic ovoid diameters and cortical thickness (10) (11) (12) (13) .
Recent advances in imaging technology have made it possible to noninvasively evaluate the effects of infant diets on brain structure/morphology underlying these observations with greater precision than ever before (14) . One aspect of brain structure where diet-related differences might be expected would be in the integrity of white matter. White matter contains large bundles of myelinated axons and is responsible for transmission of signals between different brain regions, and breast milk and formulas differ in factors that contribute to myelination (1) . The structural connectivity provided by white matter tracts is essential for normal brain function, and abnormalities or deficits in white matter have been observed in a wide variety of neurodevelopmental disorders in children (15) (16) (17) (18) . In addition, positive correlations between white matter integrity and brain functioning such as IQ, memory, and reading in healthy children have been reported (19) (20) (21) . Therefore, utilizing advanced neuroimaging methods to measure the comparative effects of breastfeeding or formula feeding on brain white matter development could reveal potential mechanisms underlying the well-known benefits of breastfeeding.
Diffusion tensor imaging (DTI) is a magnetic resonance imaging (MRI) method that can provide noninvasive visualization of white matter tracts by tractography, and the DTI parameter fractional anisotropy (FA) is very sensitive to white matter integrity. As a measure of water molecule diffusion anisotropy, FA values are high in myelinated white matter because the myelin sheath resists water diffusion perpendicular to white matter tracts while axonal bundles facilitate water diffusion parallel to white matter tracts. FA measurements have been used to identify white matter pathology not evident on conventional MRI (22, 23) . Furthermore, a recently developed DTI analysis method, tract-based spatial analysis (TBSS), can provide non-subjective voxel-wise analysis of FA values for the whole brain (24) , and has shown great sensitivity to white matter abnormalities (25, 26) .
While two recent papers reported effects of breast milk on different aspects of white matter (i.e., total white matter volume, myelin-associated water pool fraction) in different pediatric populations (12, 27) , characterizing early diet effects on white matter by DTI has not been previously reported. Furthermore, sex differences were found in white matter growth profiles (28) , but sex-specific evaluation of diet effects on healthy children (term-born) at school age has not been studied. In this study, we used DTI TBSS to evaluate brain white matter integrity in healthy 8-y-old children who were predominately BF or FF as infants. We correlated DTI measured FA with IQ and language test scores. We also used both TBSS and ROI methods to further compare the white matter in subsets of children with exclusive breast milk feeding or formula feeding for at least the first year of life. Based on reports associating breastfeeding with better neurodevelopment, we hypothesized that breastfeeding would be associated with greater white matter integrity than formula feeding, and these effects would be sex specific.
RESULTS
Fifty-six children completed this study, including 22 predominantly BF and 34 predominantly FF as infants. Predominantly BF infants were breastfed for at least 6 mo before transitioning to a milk-based formula, but most were breastfed for at least 8 mo. The mean and standard deviation of breastfeeding duration for the BF infants were 12.5 ± 6.2 mo. Predominantly FF infants were fed formula for at least 8 mo. Infants were introduced to complimentary foods on average around 5 mo of age. Among these participants, 10 children were exclusively breastfed (EBF) from birth through age 12 mo (breastfeeding duration 16.2 ± 7.6 mo), and 13 were exclusively formulafed (EFF) between ages 1 wk to 12 mo. "Exclusively" refers to infants who started on either breastfeeding starting at birth or formula feeding starting by age 1 wk and remained on the same food source until complimentary foods were introduced and through weaning. The n/group, ages at MRI, and other demographic information are listed in Table 1 . There was no significant difference in age at MRI, race distribution, or sex distribution between feeding groups. In addition, there was no significant difference in the age distribution of girls and boys by feeding group.
There were no significant group differences in whole brain FA values between BF and FF children (0.394 ± 0.011 vs. 0.393 ± 0.014, P = 0.71), or between EBF and EFF children (0.398 ± 0.011 vs. 0.390 ± 0.017, P = 0.20). However, there were sex-specific effects. Whole brain mean FA values were significantly higher in BF than FF males (0.398 ± 0.011 vs. 0.390 ± 0.009, P = 0.04) and in EBF than EFF males (0.401 ± 0.007 vs. 0.386 ± 0.007, P = 0.008), but did not differ in BF and FF females (0.392 ± 0.011 vs. 0.395 ± 0.017, P = 0.32) or in EBF and EFF females (0.393 ± 0.015 vs. 0.393 ± 0.024, P = 0.87).
When all children in the study were considered together, no significant diet group (BF vs. FF) or sex differences were noted in regional FA values by the voxel-wise TBSS analysis. However, within sex between-group analyses showed significantly higher FA values (P < 0.05, corrected) in BF compared to FF males in multiple white matter regions of the left hemisphere (Figure 1) . These regions generally corresponded to the superior longitudinal fasciculus, cingulum, body of corpus callosum, and posterior crossing fibers (crossing of forceps major and posterior thalamic radiation). No region had significantly lower FA values in BF than FF males, and females in BF and FF groups did not show significant differences in FA values.
When we narrowed the TBSS analyses to just those children in the EBF or EFF groups, we found widespread regions with higher FA values (P < 0.05, uncorrected) in EBF than EFF children (Figure 2) . No regions with lower FA values were noted. When the data were corrected for multiple comparisons, sexspecific analysis revealed extensive regions of white matter with significantly higher FA values (P < 0.05, corrected) in EBF compared to EFF males (Figure 3) . These regions were also located in the left hemisphere and included the superior We further performed ROI analysis to compare the FA values in the EBF and EFF children based on (i) the indicative TBSS comparison (before correction) of these subgroups in Figure 2 ; and (ii) the benefit of increasing the statistical power by decreasing number of comparisons (from voxelwise to region-wise) in lieu of the relatively smaller sample size of the EBF and EFF subgroups. Eleven clusters were identified with greater FA values in EBF than EFF children with a less stringent statistical threshold (P < 0.15 after multiple comparisons correction by TBSS with TFCE) and a cluster size threshold of >14 ( Table 2) . These clusters were located in nine white matter regions which were subsequently selected for the ROI analysis and included the cerebral peduncles; the right optic radiation; the left posterior crossing fibers (the crossing of forceps major and posterior thalamic radiation); the right superior longitudinal fasciculus; the right posterior limb of internal capsule; the right posterior crossing fibers; the right superior frontal white matter; the right superior parietal white matter; and the left parietal occipital white matter. The mean FA values and standard deviation for the EBF and EFF subgroups are listed in Table 3 . When stratified by sex, females did not show any region with significant FA differences between EBF and EFF groups, while males showed significantly higher FA in EBF than EFF in all but one of the 9 regions.
None of the neuropsychological test parameters (the Reynolds Intellectual Assessment Scale (RIAS)) and language skills (Clinical Evaluation of Language Fundamentals (CELF-4)) differed significantly between BF and FF groups ( Table 4) . There were no significant sex related effects. Most of the neuropsychological tests, except the Nonverbal intelligence index (NIX), showed a trend of higher scores in EBF than EFF groups (Table 4) , however, the difference was only significant in the expressive language (EXP) scores (107 ± 13 vs. 95 ± 12 P = 0.03). Except for the RIAS NIX, all test scores showed significant positive correlations with whole brain mean FA values (Figure 4 ) when consider all BF and FF children. For the exclusive feeding subgroups (EBF and EFF) which had a smaller sample size, the correlation was only significant between the verbal intelligence index (VIX) and whole brain mean FA values (r = 0.46, P = 0.03). 
Infants' diet and white matter
Articles DISCUSSION This study is the first to relate differences in early diet with later brain development using DTI measures. Our results show that 8-y-old male children who were BF as infants had significantly higher FA values than FF males in multiple white matter regions. These regions are limited to the left hemisphere and included the body of the corpus callosum which facilitates inter-hemisphere communication, part of the posterior superior longitudinal fasciculus which may be involved in language (29) , and part of the posterior cingulum which may be involved in working and general memory (30) . When considering only children who were exclusively breastfed or formula-fed for the first year of life, EBF males showed more widespread regions with higher FA values than EFF males in the left hemisphere, including the majority of the superior longitudinal fasciculus and frontal white matter, which may be important for language and cognitive functions (31) , and the posterior limb of internal capsule which may be related with the motor functioning (32) . In addition to the non-subjective voxel-wise evaluation of white matter by TBSS, a more subjective region of interest analysis revealed FA differences in additional regions (including some in the right hemisphere) between EBF and EFF males. Moreover, whole brain white matter mean FA values were significantly higher in BF than FF males and in EBF than EFF males. These findings suggest that boys with predominant breast milk feeding as infants have overall better white matter integrity, with the differences more prominent in brain regions associated with language/memory functions and in children with exclusive and prolonged breast milk feeding for at least 1 y. These diet-related white matter effects were not observed in 8-y-old girls. While it is possible that there are subtle effects in females which cannot be detected with our sample size, our data suggest that the effects of breast milk on brain white matter integrity are sex specific. Sex differences in white matter integrity as a function of infant diet have not been reported in young children who were term-born. However, sex differences in developmental trajectories of white matter in healthy adolescents, as well as sex differences of white matter in healthy adults, have been previously reported by DTI studies (28, 33) . Furthermore, a number of studies have shown that effects of infant diet on later growth and development are more prominent in male children. For example, Oddy et al. (7) found that benefits of breastfeeding on academic achievement were significant in boys but not girls, and speculated that because of the relatively lower concentrations of neuroprotective estrogens in boys, they derived greater benefits from neuroprotective breast milk. Similarly, in a large randomized controlled trial, Kramer et al. (6) found slightly higher positive effects of breastfeeding on verbal IQ in boys than girls. In addition, Nagahara et al. (34) observed significant effects of breastfeeding vs. formula feeding on the growth of healthy boys, but no significant differences in girls. Finally, in a randomized controlled trial comparing preterm formula vs. standard formula, significant effects on verbal IQ at 7.5-8 y were observed in boys, but not girls (35) .
The DTI measured FA values in our study correlated significantly with verbal IQ and composite IQ from the RIAS, and receptive, expressive, and core language scores from the CELF-4. The correlation of FA with IQ is consistent with previous DTI findings in normal children (21) . The correlation of FA with language test scores has also been reported in normal children (20) , and in children born preterm (36) . Our findings of significant correlation between FA and verbal IQ/language scores are also consistent with the TBSS findings of white matter regions involved in language functioning (e.g., the superior longitudinal fasciculus and the left frontal gyrus) and suggest that language development may be an important outcome to assess in studies of infant diet effects. While a number of studies with larger sample sizes have shown significant effects of breastfeeding on IQ in school age children (2, 35) , the RIAS IQ and CELF-4 language scores measured in our study were not significantly different between 8-y-old term-born BF or FF children. However, significant group differences in white matter regional FA values associated with language were present. These results suggest that subtle differences in specific brain white matter regions may exist even though outcome measures do not yet show differences and warrant further investigation. For EBF children who had exclusive and prolonged (>12 mo) breastfeeding, the expressive language scores were significantly higher than that in EFF children, consistent with the more prominent brain differences as reflected by more widespread regions with higher FA values. 
Articles
We are aware of two other studies addressing the effects of infant diet on brain white matter integrity later in life. Isaacs et al. (12) measured brain volume in adolescents (13-19 y of age) who were born preterm (≤30 wk gestation age) but were neurologically normal in childhood. These infants were randomized to one of a series of neonatal diets, and a positive correlation was found between the percentage of total calories consumed as expressed breast milk and total white matter volume in boys, but not in girls. Those findings of sex-specific effects of breast milk on white matter are consistent with the results reported herein. In a cross-sectional study of children aged 1-4 y in which mothers self-reported year one infant diet intake, Deoni et al. (27) measured myelin-associated water pool fraction in white matter in children fed by exclusive breastfeeding, exclusive infant formula-feeding, or a combination of breastfeeding and formula-feeding. While sex-specific results were not reported, increased white matter integrity was found in later maturing frontal and association regions in all children with exclusive breastfeeding. Similarly, TBSS and ROI analyses on EBF and EFF children in this study identified multiple frontal and association white matter regions which had better white matter integrity associated with exclusive breastfeeding. The mechanism(s) underlying greater white matter integrity in breastfed children is yet to be determined. One speculation is that breast milk promotes the myelination process, which happens mostly in the first year of life. Breast milk is a complex mixture of compounds, many of which (e.g., omega-3 fatty acids, sialic acid, and choline) are thought to be important in myelination, cell structure, and function. In addition, breast milk contains human hormones, growth factors and maternal cells, all of which are either absent in infant formulas or present at much lower levels (1). Another possible mechanism by which breast milk might influence brain myelination is via its effects on the development of brain electroencephalographic (EEG) activity during infancy. Studies have shown that brain electrical activity may promote myelination (37, 38) and the timing and extent of increases in brain neural activity may differentially affect the myelination process. During infancy EEG development follows a different time course in BF and FF infants (39) . Furthermore, infant diet-related differences in surges in EEG activity in the 9-30 Hz frequency range were greatest among boys, with BF boys showing significantly greater activity than FF boys (39), a finding consistent with the greater FA values in BF than FF males in this study. Animal studies have also revealed a tendency of decreased 21.5-kDa isoform of myelin basic protein in the prefrontal cortex in early weaned neonatal rats (40) , where less breast milk intake occurs and which may affect the myelin formation pattern. However, direct quantification of white matter myelination is difficult in vivo. While the myelin-associated water pool fraction measured by mcDESPOT MRI pulse sequence reported by others (27) may detect white matter microstructural differences in children and may be myelin specific, it is yet to be determined whether this parameter is a sole reflection of myelin. On the other hand, DTI is a well-established imaging method for white matter quantification and the great sensitivity of FA to myelination is well recognized. Therefore, DTI results in this study provide important new data in understanding effects of breastfeeding to white matter development.
Normal CNS development is thought to best be achieved with a full term gestation. During gestation, nutrients and bioactive factors such as hormones and growth factors provided by the intra-uterine environment play essential roles in this development. However, rapid CNS development continues during the first 12 postnatal months of life, and even small nutrient deficiencies during this time could prevent children from attaining their individual optimal brain development. Relative to breastfeeding, infant formulas could very well represent a nutrient and/or growth factor deficient food with respect to promoting optimal brain development/maturation. To the extent that DTI-measured FA is a reflection of white matter integrity, including myelination which represents a structural brain component required for CNS function (i.e., neural transmission), it is not surprising that multiple studies have demonstrated better neurocognitive development, higher scores on standardized behavioral tests, higher intelligence quotient (IQ), and better school performance in BF children.
This study is not without limitations. While we studied the effects of exclusive and prolonged breast milk feeding (≥12 mo), the sample sizes for these subgroups were relatively small. We incorporated ROI analysis to investigate whether exclusive breast milk feeding for at least the first year of life would benefit the white matter integrity in both males and females, however, significant improvement was still only observed in males, though a trend of higher FA was shown in several regions for females. Nevertheless, ROI analysis is subjective because the morphological definition of many white matter regions is not distinct and identification of the regions requires observer judgment which inevitably results in statistical variability. Another limitation is the lack of background information regarding home environment variables such as socioeconomic status, family income, parental education, mom's IQ, and stress. While our recruiting method might be expected to attenuate group differences on these variables, it remains possible that some of these factors interacted with the diet effects we found in this study.
In conclusion, our results based on DTI FA measurements indicate better white matter integrity in breastfed than formula-fed boys. Furthermore, FA measurements correlated with RIAS verbal IQ and CELF-4 language scores in 8-yold healthy children. These results reveal two potentially important concepts relative to infant diets: (i) they suggest that what a child is fed immediately following a normal term birth can influence brain development, and potentially have long-term (perhaps permanent) effects on brain structure and function, that are evident in preadolescents, at least until age 8 years; (ii) breastfeeding may differentially influence white matter integrity in males compared to females, suggesting that boys may benefit more from exclusive breastfeeding than girls.
METHODS

Subjects
Healthy children (age 7.5-8.5 y) with parental reports of predominant breast milk or infant formula feeding from birth through age 12 mo were recruited from the local population. Participants were recruited from the central Arkansas region via advertisements at health fairs, pediatrician offices, summer camps, schools, social media and community events. Prior to participation, informed consent was obtained from parents and assent from children. The study protocol was approved by the Institutional Review Board of the University of Arkansas for Medical Sciences and is part of ClinicalTrials.gov NCT00735423. All children were born full-term with birth weight between 5th and 95th percentile-for-age. Children of mothers with alcohol, tobacco, drug, or psychotropic medication use during pregnancy and children with psychological/psychiatric diagnoses or neurological impairment or injury were excluded.
Study Visits
There were three planned study visits. During the first visit, assessments were made to determine eligibility for the study. Growth parameters such as height, body weight, and body mass index were also measured at this time. MRI scanning with DTI was performed at the Arkansas Children's Hospital on the second visit. If the participants successfully completed the MRI scan, they were administered standardized tests of intelligence (the RIAS and CELF-4) during a third visit.
MRI examination. MRI scans were performed on a 1.5 Tesla Achieva MRI scanner (Philips Healthcare, Best, Netherlands). The built-in body coil was used as the transmitter and a standard 8-channel SENSE head coil was used as the receiver. A single-shot spin echo EPI sequence with diffusion weighting gradients in 15 uniformly distributed directions was used to acquire DTI data. Parameters for the DTI sequence included 5135 ms TR, 66 ms TE, 220 × 220 mm field of view, 2 × 2 × 3 mm voxel size, 128 × 128 reconstruction matrix size, 34 contiguous axial slices, 2 averages, and a maximum b value was 800 s/mm 2 .
Neuropsychological tests. The RIAS consisted of two subtests for Verbal Intelligence Index (measuring vocabulary knowledge and analytical reasoning abilities), two subtests providing a Nonverbal Intelligence Index (measuring general reasoning skills emphasizing nonverbal ability, and nonverbal reasoning skills through the presentation of pictures), and a Composite Index which reflects overall intelligence and reasoning. The CELF-4 test included six language subtests: Concepts and Following Directions; Word Structure; Recalling Sentences; Sentence Structure; Formulated Sentences; and Word Classes Receptive. The scaled scores for the subtests were combined into a receptive language score, an expressive language score, and a core language score which reflects the overall language abilities. Licensed psychological examiners under the supervision of certified clinical psychologists conducted all testing.
Data Analysis DTI TBSS analysis. Fractional anisotropy maps for each subject were calculated on the scanner from the diffusion tensor images by Fibertrak (Philips Healthcare, Best, Netherlands). FA maps were then exported to a workstation with MATLAB software (The Mathworks, Natick, MA) and FMRIB Software Library (FSL, Oxford, UK) installed on a VMware Linux virtue machine (VMware, Palo Alto, CA). Voxelwise analysis of the FA data was carried out using TBSS (24) in FSL. Each FA data set was first pre-processed to remove outliers and zero end slices before nonlinear registration. Then, every FA data set was aligned to every other one to identify the most representative set which has the smallest amount of average warping and this FA set was consequently served as the target. The target FA data set was then affine-aligned into the Montreal Neurological Institute standard brain (MNI152 space), and every FA data set was then transformed into this 1 × 1 × 1 mm MNI152 space by combining nonlinear registration to the target and affine transform from the target to the MNI152 space. All FA images were merged, averaged, and fed into the FA skeletonization program to create a mean FA skeleton in which a threshold of FA ≥0.2 was chosen. The alignment of the FA data and the formation of the FA skeleton were carefully reviewed before proceeding to voxel-wise group and sex statistical comparisons. The whole brain white matter skeleton mean FA value for each participant was also calculated from the TBSS analysis. Neuropsychological tests and correlation with DTI. Outcome scores from the RIAS (VIX, NIX, and CIX) and CELF-4 (REC, EXP, and CORE) were compared between groups, between boys and girls within group, and within sex across groups. In addition, these measures were correlated with mean FA values in whole brain white matter. Subgroup data analysis. EBF and EFF: Separated analyses were conducted comparing subsets of the total sample (EBF and EFF) that had exclusive and prolonged breast milk or formula feeding. Neuropsychological and DTI TBSS subgroup analyses followed procedures described above and included similar sex-specific group comparisons. In addition, FA skeleton maps were used for ROI analysis of FA values. The ROI analysis was performed on the normalized axial FA skeleton maps instead of the original FA maps to limit intersubject variation in the region selection and to increase the sensitivity because only the center of the white matter tracts (the skeleton) was considered. White matter regions (as defined by anatomy) which contained clusters with FA differences (at a statistical threshold specified in the Results section) between all EBF and all EFF children in the TBSS analysis were chosen as the ROIs. The mean FA value in each ROI was calculated and compared between groups.
Statistical Analysis
Fisher's exact test was used to compare categorical demographic characteristics across feeding groups, whereas the Wilcoxon Rank-Sum test was used to compare continuous demographic characteristics, RIAS and CELF-4 scores, and DTI ROI based FA values across feeding groups. Statistical significance was set at P = 0.05. For correlations between RIAS/CELF-4 scores and mean FA values, a test for normality was first performed. If P < 0.05, the Spearman Correlation test was used; whereas, if P > 0.05, either the Pearson or the Spearman Correlation test was used, whichever had the smaller P value. For the voxel-wise analysis by TBSS, randomization with 3,000 permutations was used with Threshold-Free Cluster Enhancement (TFCE) to detect voxels with significant FA values between groups (P < 0.05) after family-wise error (FWE) correction for multiple comparisons.
